Cloud-precipitation observations using spaceborne radars: case studies of various cloudprecipitation systems by Yamaji Moeka
 
GEOGRAPHICAL REPORTS 
OF TOKYO METROPOLITAN UNIVERSITY 56 (2021) 23–32 
 
CLOUD-PRECIPITATION OBSERVATIONS  
 
USING SPACEBORNE RADARS: CASE STUDIES OF  
 







Abstract  This study presents case studies of various cloud-precipitation systems with a focus on 
their vertical cross sections by using triple-frequency spaceborne radars, Cloud Profiling Radar 
(CPR) onboard CloudSat, and Dual-frequency Precipitation Radar (DPR) onboard the Global 
Precipitation Measurement (GPM) Core Observatory. Each radar was found to offer an advantage: 
CPR is suitable for observing the detailed vertical structure of clouds, whereas DPR is capable of 
observing heavy precipitation below the bright band without attenuation. The combination of CPR 
and DPR enabled us to capture the whole structure of cloud-precipitation systems, such as thin and 
thick anvil clouds, isolated and organized convections, and extensive stratiform systems. 
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   Clouds and precipitation play an important role in the global water cycle and energy cycle (e.g., 
IPCC 2014). The characteristics of precipitation have reportedly been affected by global warming 
(e.g., Trenberth 2011). Thus, it is quite important to observe cloud-precipitation variables accurately, 
in order to understand the related processes and predict (represented in models) those variables in 
the future.  
   The various approaches to understanding clouds and precipitation include the use of ground-
based observation, airborne observation, spaceborne observation, and numerical model simulation. 
Satellite observation is an effective tool to detect global-scale cloud-precipitation variables. There 
are various kinds of spaceborne sensors that can be divided to two categories: active and passive 
sensors. A passive sensor generally observes a target with wide swath observation, whereas an active 
sensor sends a pulse and directly measures the backscatter reflected back to it. Despite having a 
relatively narrower swath than that of passive sensors, such active sensors as radars and lidars can 
observe vertical profiles of the target variables. The vertical profiles of cloud-precipitation systems 
provide essential information for understanding their processes.  
   Previous studies have investigated cloud-precipitation characteristics by using spaceborne 
sensors. Masunaga et al. (2005) investigated regional and temporal variability in the vertical and 
horizontal characteristics of tropical precipitating clouds using the Precipitation Radar (PR) and the 
Visible and Infrared Scanner onboard the Tropical Rainfall Measuring Mission (TRMM) satellite. 
Kikuchi and Suzuki (2019) characterized particle structures over a spectrum of precipitating clouds 




passive instruments from A-Train, such as Cloud-Aerosol Lidar with Orthogonal Polarization 
(CALIOP) onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation 
(CALIPSO), and Cloud Profiling Radar (CPR) onboard CloudSat. In terms of precipitation 
characteristics, Hamada et al. (2015) focused on the extreme convective (deeply grown) rainfall and 
extremely heavy rainfall events, and showed a weak linkage between the two extreme rainfall events 
by using TRMM/PR. Recently, Yamaji et al. (2020) investigated precipitation characteristics 
including the subtropics and mid-latitude regions by focusing on the rainfall diameter using the 
Dual-frequency Precipitation Radar (DPR) onboard the Global Precipitation Measurement (GPM) 
Core Observatory.  
Hence, various studies have revealed the characteristics of various types of cloud-precipitation 
systems by using satellite sensors that have been evolving in recent years. From now on, we need to 
integratively understand the processes of how cloud particles form from aerosols, how the particles 
grow in convections, fall down as rainfall particles, or disappear through evaporation. The combined 
use of active sensors such as CloudSat/CPR and GPM/DPR can provide essential information for a 
better understanding of the “whole” cloud-precipitation system. There has also been a recent need 
to discuss the new designs of satellite observation configurations (e.g., National Academies of 
Sciences, Engineering, and Medicine 2018). 
   This study is intended to propose the effectiveness of a combination of multi-frequency radars 
in observing both cloud and precipitation. Case studies on various types of cloud-precipitation 
systems are conducted by using the match-up dataset of CloudSat/CPR and GPM/DPR. The results 
can be useful for understanding the relationship between sensor sensitivity specifications and an 
actual observation target in cloud-precipitation systems. 
   Section 2 explains the data and methodology employed in the study. Section 3 presents the 
results, including some case studies of various cloud-precipitation systems. Section 4 summarizes 
the discussion, and Section 5 provides the conclusion. 
 
 
2. Data and Methodology 
 
   This study focuses on the observation results derived by two spaceborne radars: the 
CloudSat/CPR and the GPM/DPR. We use the CloudSat-GPM Coincidence Dataset Version 1C 
(Turk 2016). Because the GPM Core Observatory is in a non-sun-synchronous orbit, it intersects 
the orbital tracks of CloudSat in sun-synchronous orbit. The product provides intersections 
(coincidences) between CloudSat and the GPM Core Observatory dataset. The data include the Ku-
band and Ka-band Precipitation Radars (KuPR and KaPR, respectively) of the GPM Core 
Observatory, and the W-band CPR of CloudSat (within small enough time differences), such that 
the combination of the resulting “pseudo triple-frequency” radar profiles.  
Table 1 lists the specifications of the three radars. The DPR consisting of KuPR and KaPR is 
generally used for observing precipitation, with KuPR being used for heavy rainfall and snowfall, 
and KaPR used for moderate snowfall and light rainfall. However, CPR employs a higher frequency 
of 94 GHz than DPR (KuPR of 13.6 GHz and KaPR of 35.5 GHz) for observing cloud properties. 
CloudSat/CPR does not have scanning capability, whereas GPM/DPR scans for cross-track 
direction. GPM/DPR has an observation swath of 245 km.  
   This study shows the vertical cross sections of each frequency data of the spaceborne radars. 
Radar reflectivity (Z) in dBZ is plotted for KuPR, KaPR, and CPR, respectively. Z values generally 




typical cases are selected for organized cloud-precipitation systems, scattered convective systems 
including cumulonimbus towers, extensive stratiform cloud-precipitation systems, and cloud-
precipitation systems with thick anvil clouds. Table 2 and Fig. 1 summarize specific information 
about the cases. 
    
Table 1  Specifications of the spaceborne radars 
Sensor 
Dual-frequency Precipitation Radar  
(DPR) 
Cloud Profiling Radar 
(CPR) 
Ku-band (KuPR) Ka-band (KaPR) W-band 
Satellite Global Precipitation Measurement (GPM)  Core Observatory CloudSat 
Frequency 13.6 GHz 35.5 GHz 94.0 GHz 
Observation Swath 245 km 125 km N/A (only nadir) 
Spatial resolution 5 km 5 km 1 km 
Vertical resolution 250 m (125-m sampling) 250 m (125-m sampling) 240 m 
 
Table 2  Selected cases in the study 
Case number Type Date Orbit number of GPM/DPR 
1 Organized cloud-precipitation 
systems 
June 2, 2014 001471 
2 May 1, 2016 012348 
3 Scattered convective systems 
including cumulonimbus 
towers 
November 17, 2015 009771 
4 March 24, 2017 017437 
5 Extensive stratiform cloud-
precipitation systems 
April 26, 2015 006575 
6 July 23, 2016 013648 
7 Cloud-precipitation systems 
with thick anvil clouds 
March 19, 2015 005989 
8 October 15, 2017 020627 
 
 
Fig. 1  Geographical locations of the eight cases in Table 2. Shaded and black lines show precipitation rate 





3. Observations of Various Clouds-Precipitation Systems 
 
Organized cloud-precipitation systems 
   Case 1 (cloud-precipitation system over the Maritime Continent) and Case 2 (cloud-
precipitation system over the eastern part of the Indian Ocean) are selected as the organized cloud-
precipitation systems.  
   Figure 2 shows plots of the cloud-precipitation system of Case 1. Note that the plotted regions 
shown in Figs. 2b–d are extracted by focusing on typical precipitation systems, so that the distance 
of the x-axis will show the relative scale of the precipitation systems. The Z values of KuPR show 
the convective core with Z over 35 dBZ. It has been highly developed as clouds and precipitation 
top height reach up to 15 km. Note that KuPR can detect the core of Z above 35 dBZ, whereas KaPR 
and CPR cannot capture it because their echoes are attenuated near the surface below the zone with 
high Z values. However, thick anvil clouds are connected to the convection core (corresponding to 
regions with x-axis distance values around 150–180 km). The detections of KuPR and KaPR are 
marginal over the regions at a distance of 180–220 km, whereas CPR can clearly detect signals 
weaker than 5 dBZ over the regions at a distance of 220–300 km.  
 
 
Fig. 2  Match-up dataset for Case 1. (a) Spatial distribution of precipitation rate at near surface level in mm h-1 
from KuPR onboard the GPM Core Observatory, and (b)–(d) vertical cross section of radar 
reflectivity in dBZ from (b) KuPR, (c) KaPR, and (d) CPR, respectively, on June 2, 2014. Black line 
in (a) shows orbit of CloudSat. Gray shaded area in (b) and (c) indicates the clutter region of each 
sensor aboard the GPM Core Observatory.  
 
   Figure 3 shows the organized cloud-precipitation system of Case 2. KuPR well captures the 
heavy precipitation area with larger Z above 35 dBZ, where precipitation top height is up to 10 km. 
The use of KuPR can better identify the bright band around 5-km altitude as compared with using 
KaPR. The Z values of KaPR and CPR are attenuated at low levels where KuPR observes larger Z 
values over the regions at a distance of 250–350 km and around 450 km. Only CPR observes weak 
echoes lower than -5 dBZ and reaching upper levels up to 15 km, which shows the existence of 





Fig. 3  Same as Fig. 2 but for Case 2 on May 1, 2016. 
 
Scattered convective systems including cumulonimbus towers 
   Case 3 (scattered convective systems over the coastal area of Northern South America) and 
Case 4 (scattered convective systems over Southeast Africa) are selected as the scattered convective 
systems including cumulonimbus towers.  
   Figure 4 shows the plots of Case 3 over the coastal area of Northern South America. As seen in 
Fig. 4a, spatial distributions of precipitation rate are quite different compared with the organized 
cloud-precipitation systems in Figs. 2a and 3a. Scattered convective systems are detected by all 
 
 






frequencies of the W-band, Ka-band, and Ku-band. Having better sensitivity even for weak echo 
from thin clouds, CPR can detect many convections, whereas KaPR and KuPR can only detect 
some of them with precipitation. The results also indicate precipitation top height at approximately 
2 to 5 km. It is noteworthy that KuPR captures several convective systems over the regions at a 
distance of 570–620 km, whereas KaPR cannot identify many systems (with only one being seen at 
a distance of 600 km). 
   Figure 5 shows the scattered convective systems including cumulonimbus towers of Case 4 over 
Southeast Africa. As in Case 3 in Fig. 4, there are several scattered convective systems in Fig. 5. 
Some are taller compared with those in Case 3 as the KuPR signals show precipitation top height 
up to 10 km. Note that CPR detected weak echo lower than -10 dBZ around 10 km altitude at a 
distance of 700–750 km in Fig. 5d. It is difficult for KaPR and KuPR to capture such weak echoes 
from clouds.  
 
 
Fig. 5  Same as Fig. 2 but for Case 4 on March 24, 2017. 
 
Extensive stratiform cloud-precipitation systems 
   Case 5 (cloud-precipitation system over the Maritime Continent) and Case 6 (cloud-
precipitation system over the Southeast subtropical Pacific Ocean) are selected as the extensive 
stratiform cloud-precipitation systems.  
   Figure 6 shows the cloud-precipitation system of Case 5 over the Maritime Continent. As shown 
in Fig. 6a, precipitation is widely distributed over the KuPR observation area. The vertical cross 
sections of KuPR and KaPR in Figs. 6b–c clearly show an extensive bright band at an altitude of 
5 km. CPR echoes below the bright band at the 5 km level are attenuated over almost all regions. In 
such typical extensive stratiform precipitation with a bright band in Fig. 6, precipitation top height 
is around 6–10 km and thus lower than that of organized cloud-precipitation systems where cloud 
top height is up to 15 km altitude.  
   Figure 7 shows the cloud-precipitation system of Case 6 over the Southeast subtropical Pacific 





   The vertical cross sections in Figs. 6b–c clearly show stratiform precipitation with the bright 
band at a distance of 170–350 km, and extensive anvil clouds without surface precipitation at a 
distance of 0–150 km. Although CPR can only detect the extensive anvil clouds, KuPR and KaPR 
clearly detect the “root” of the thick anvil clouds connected to the part with surface rainfall. The use 
of such triple-frequency information can provide an overall view of entire cloud-precipitation 
systems, ranging from thin clouds to thick clouds with rainfall. 
 
 
Fig. 6  Same as Fig. 2 but for Case 5 on April 26, 2015. 
 
 







Cloud-precipitation systems with thick anvil clouds 
   Case 7 (cloud-precipitation system over the South Atlantic Ocean) and Case 8 (cloud-
precipitation system over Central Africa) are selected as cloud-precipitation systems with thick anvil 
clouds.  
   Figure 8 shows the cloud-precipitation system of Case 7 over the South Atlantic Ocean. As 
shown in Fig. 8a, relatively light precipitation near the surface is not widely distributed. CPR 
detected broad cloud systems as shown in Fig. 8d, and the Z values of CPR are relatively small. 
Echoes smaller than 10 dBZ are too weak to be detected by KuPR and KaPR, but both can detect  
 
 
Fig. 8  Same as Fig. 2 but for Case 7 on March 19, 2015. 
 
 





thick clouds with Z ranging from 10 dBZ to 20 dBZ.  
   Figure 9 shows another cloud-precipitation system with thick anvil clouds in Case 8 over Central 
Africa. Same as in Figs. 8a and 9a shows relatively light precipitation near the surface. Figures 9b–
d show the complicated three-dimensional structure of cloud-precipitation systems. Clouds 
observed by CPR reach up to around 12 km and form the characteristic flat anvil-top shape. KuPR 
and KaPR cannot detect the anvil-top clouds at a distance of 80–120 km, but both can detect 
relatively thick clouds at a distance of 150–180 km. Scattered precipitating clouds can be identified 





   The previous section presented the results of eight cases of various cloud-precipitation systems. 
It is obvious that GPM/DPR is suitable for observing precipitation in the convective core where 
heavy precipitation occurs, especially in KuPR, whereas CloudSat/CPR has sufficient sensitivity to 
detect weak echoes even from thin clouds, as shown in the results of organized cloud-precipitation 
systems in Cases 1 and 2.  
   The results for scattered convective systems including cumulonimbus towers as in Cases 3 and 4 
show that the combined use of CloudSat/CPR and GPM/DPR is effective as follows: CPR to capture 
the whole structure of convections and DPR to identify precipitating clouds. It was found difficult 
for DPR to detect weak convection such as stratocumuli.  
   In Cases 5 and 6 as extensive stratiform cloud-precipitation systems, a bright band 
corresponding to the melting layer in clouds is a distinctive characteristic. KuPR and KaPR provide 
clear signals to retrieve the bright band height, whereas CPR has relatively unclear vertical profiles 
to detect it. The Z values of CPR are strongly attenuated below the bright band, as are even those of 
KaPR.  
   As for cloud-precipitation systems with thick anvil clouds in Cases 7 and 8, CPR was found to 
be most suitable for detecting small Z values from thin anvil clouds. However, the results show that 
even precipitation radars, both KuPR and KaPR, have sufficient sensitivity to detect relatively thick 
anvil clouds.  
   Hence, the combination of CPR and DPR, which entails utilization of triple-frequency radars of 
the W-band, Ka-band, and Ku-band, is quite effective in capturing the whole structure of cloud-





   This study described how such spaceborne radars as CloudSat/CPR and GPM/DPR observe 
various cloud-precipitation systems, by comparing certain cases of typical cloud-precipitation 
systems. The results showed that each radar offered an advantage: CPR is suitable for observing the 
detailed vertical structure of clouds, whereas DPR is capable of observing heavy precipitation below 
the bright band without attenuation. The combined use of CPR and DPR enabled us to capture the 
whole structure of cloud-precipitation systems, such as thin and thick anvil clouds, isolated and 








   The author would like to express sincere gratitude to Prof. Jun Matsumoto for his constructive 
comments. The author also would like to thank Prof. Yukari N. Takayabu (The University of Tokyo), 
Prof. Hirohiko Masunaga (Nagoya University), and Dr. Takuji Kubota (Japan Aerospace 





Hamada, A., Takayabu, Y. N., Liu, C., and Zipser, E. J. 2015. Weak linkage between the heaviest 
rainfall and tallest storms. Nat. Commun. 6: 6213. 
IPCC 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III 
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Geneva: 
IPCC. 
Kikuchi, M., and Suzuki, K. 2019. Characterizing vertical particle structure of precipitating cloud 
system from multiplatform measurements of A-Train constellation. Geophys. Res. Lett. 46: 
1040–1048. 
Masunaga, H., L’Ecuyer, T. S., and Kummerow, C. D. 2005. Variability in the characteristics of 
precipitation systems in the tropical Pacific. Part I: Spatial structure. J. Climate 18: 823–840. 
National Academies of Sciences, Engineering, and Medicine 2018. Thriving on Our Changing 
Planet: A Decadal Strategy for Earth Observation from Space. Washington, DC: The National 
Academies Press. 
Trenberth, K. E. 2011. Changes in precipitation with climate change. Clim. Res. 47: 123–138. 
Turk, J. 2016. CloudSat-GPM Coincidence Dataset Version 1C. https://gpm.nasa.gov/sites/ 
default/files/document_files/CSATGPM_COIN_ATBD.pdf (November 6th, 2020). 
Yamaji, M., Takahashi, H. G., Kubota, T., Oki, R., Hamada, A., and Takayabu, Y. N. 2020. 4-year 
climatology of global drop size distribution and its seasonal variability observed by spaceborne 
Dual-frequency Precipitation Radar. J. Meteorol. Soc. Japan 98: 755–773. 
 
 
- 32 -
